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Estimation of the position and effect of sterility genes is an important problem to be solved to understand the sterility mechanism 
in remote hybridization in plants. In this study, a maximum likelihood (ML) method was used for estimation of the position and 
effect of sterility genes that exhibit epistasis in an F2 population using the distorted segregation of markers. The ML solutions for 
recombination fraction and viability were obtained via an expectation-maximization algorithm. The results of Monte Carlo simu-
lations showed that the estimates of recombination fraction and viability were consistent with their true values. The bias and 
standard deviation of parameters indicated that a larger sample size, closer linkage and lower viability of sterile genes led to better 
estimates of the parameters involved. A subset of marker data of the F2 population derived from a single cross between the rice 
japonica cultivar Nipponbare and the indica cultivar Kasalath was analyzed using this method. Eight sterility genes were identi-
fied on chromosomes 1, 3, 6, 8 and 10, and significant epistasis was detected among four pairs of sterility genes. 
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Distorted segregation of molecular markers is a phenome-
non in which the genotypic frequency of a marker deviates 
from the expected Mendelian ratio, which is very common 
in mapping populations derived from remote hybridization 
in plants. In line-crossing experiments, distorted segregation 
is usually observed for markers in a number of species such 
as rice, soybean, cotton and maize [1–5]. One or more seg-
regation distortion loci (SDL) are responsible for the phe-
nomenon. The presence of only a small number of SDL can 
cause the entire chromosome to distort from Mendelian 
segregation [6]. These loci are subject to gametic selection, 
zygotic selection or both [7–9], and most studies show that 
gametic selection is strongly related to segregation distor-
tion. In maize, four of the identified segregation distortion 
regions were located in regions where known gametophytic 
factors occur [3]. Liu et al. [4] constructed soybean F2 and 
recombinant inbred line populations and found that the main 
reason for distorted segregation was gametic selection. In an 
F2 segregation population of japonica × indica rice, Guo et 
al. [10] found 6 segregation distortion regions in which the 
gametophytic selection genes or sterility genes were located. 
Gametophytic selection genes or sterility genes lead to 
the partial abortion or lethality of female or male gametes, 
and cause the markers linked to sterility genes to segregate 
in a distorted manner. The degree of distortion depends on 
the effect of the sterility genes on male or female gametes 
and the linkage intensity of the sterility genes with their 
nearby markers. Hence the information obtained from the 
distorted markers can be used to estimate the position and 
effect of the sterility genes. In previous studies on the map-
ping of sterility genes, Lorieux et al. [11,12] treated the 
markers as the sterility genes directly, but this is not the 
usual approach. The estimates obtained in this way will not 
be correct when sterility genes locate nearby markers. To 
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improve the accuracy of estimation, methods similar to that 
of QTL mapping were developed [13–15]. These methods 
provide a better estimate of the position and effect of a sin-
gle sterile gene or viability locus. Vogl and Xu [16] devel-
oped a Bayesian method to map multipoint viability loci. In 
addition, Zhu et al. [17,18] estimated the selection coeffi-
cient of viability loci and simultaneously reconstructed the 
genetic linkage map from the adjusted recombination rate in 
backcross and F2 populations. However, those methods did 
not consider the possibility of epistasis between vitality loci 
or sterility genes. In the present study, we propose a new 
method that can be used to map sterility genes with epistasis 
in remote hybridization of plants by using cosegregation 
data for markers in an F2 population.   
1  Materials and methods  
1.1  Genetic model 
Consider a mating of m1m1s1s1-m2m2s2s2 (P1)×M1M1S1S1- 
M2M2S2S2 (P2), where M1-m1 and M2-m2 are two unlinked 
codominant molecular marker loci, S1-s1 and S2-s2 are two 
unlinked sterility loci, S1-s1 and M1-m1 are assumed to be 
located on one chromosome, and S2-s2 and M2-m2 are as-
sumed to be located on a different chromosome. The recom-
bination fraction between M1 and S1 is r1, and that between 
M2 and S2 is r2, and no chiasma interference is assumed. 
Male gametes produced by the F1 hybrid are subject to the 
selection of the sterility genes s1 and s2. The differential 
viability of male gametes with haplotype s1S2, S1s2 and s1s2 
are expressed as u, v and x relative to that of normal gam-
etes with haplotype S1S2, where x is the epistatic effect be-
tween the two sterility genes.  
The F1 hybrid produces 81 kinds of offspring in the F2 
population. The genotype of sterility loci S1-s1 and S2-s2 
cannot be observed directly; only segregation data for the 
nine genotypic classes of molecular marker M1 and M2 can 
be obtained. Table 1 lists the expected frequencies of the nine 
kinds of molecular marker genotypes in the F2 population.  
1.2  Estimates of parameters  
Let ni (i=1,2,…,9) be the observed counts of phenotypes 
with respect to M1 and M2 and n be the total counts of indi-
viduals in the F2 population. The likelihood can be ex-











  ， (1) 
where pi (i=1,2,…,9) is the expected relative frequency of 
the ith phenotypic class of molecular markers M1 and M2.  
It is difficult to obtain the explicit solution of ML esti-
mates for all parameters in eq. (1). At this stage, we regard 
the four kinds of genotypes S1S2, s1S2, S1s2 and s1s2 as missing  
Table 1  Expected frequencies of nine genotypes of molecular markers in 
the F2 population 




M1M1M2M2 p1=[(1r1)(1r2)+r1(1r2)u+(1r1)r2v+r1r2x]/D n1 
M1M1M2m2 p2=[(1r1)(1+v)+r1(u+x)]/D n2 
M1M1m2m2 p3=[(1r1)(1r2)v+r1(1r2)x+(1r1)r2+r1r2u]/D n3 
M1m1M2M2 p4=[(1r2)(1+u)+r2(x+v)]/D n4 
M1m1M2m2 p5=1/4 n5 
M1m1m2m2 p6=[(1r2)(v+x)+r2(1+u)]/D n6 
m1m1M2M2 p7=[(1r1)(1r2)u+r1(1r2)+(1r1)r2x+r1r2v]/D n7 
m1m1M2m2 p8=[(1r1)(u+x)+r1(1+v)]/D n8 
m1m1m2m2 p9=[(1r1)(1r2)x+r1(1r2)v+(1r1)r2u+r1r2]/D n9 
Total 1 n 
a) D=4(1+u+v+x). 
data, which are assumed to be observed in the complete data 
set. Then the likelihood function including the four kinds of 



















where nij and pij are the observed count of phenotype and 
the expected relative frequency of the jth kind of sterility 
gene genotype in the ith kind of marker genotype, respec-
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where k = r1,r2,u,v,x. The ML estimates of the parameters 
can be obtained by setting the above scores to zero and 
solving the equations  
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However, nij in the above equations is missing genotype 
counts; hence the estimates cannot be obtained directly from 
these equations. Here we adopted an EM algorithm [19], 
including the following steps:  





(2) E-step: using the expected relative frequencies pij and 
pi and total counts ni, nij can be calculated as follows: 
  





   ． (9) 
(3) M-step: updating the estimate of parameters that can 
be recalculated by eqs. (4)–(8).  
The E-step and M-step are iterated until convergence 
occurs, i.e., ( 1) ( ) 610k k    .
 
1.3  Significance test of the estimates  
To test the hypothesis that there is no viability selection, we 
set the null hypothesis to be 0 : 1,  1,  1H u v x   , and 
the likelihood ratio (LR) test statistic is  
2
32[ ( , , , ) ( 1, )]~ dfL u v x r L u v x r       , 
where L() is the logarithm of a likelihood function. The 
multiple test procedure proposed by Benjamini and Hochberg 
[20] is used to control the false discovery rate (FDR) at = 
*/N, where * is 0.01 or 0.05 and N is the number of hy-
potheses tested. 
1.4  Monte Carlo simulation  
Simulations were carried out based on two chromosomes of 
length 180 cM with 10 equally spaced markers and length 
140 cM with eight markers, respectively. Two sterile loci 
were located on separate chromosomes at 105 and 68 cM, 
respectively, the first at a distance of 5 cM from the 1 chro-
mosome marker 6 (1M6) and the second at a distance of   
8 cM from the 2 chromosome marker 4 (2M4). The follow-
ing three factors were considered in the simulations: the 
sample size of the mapping population, the intensity of via-
bility, and the recombination fraction. The sample size 
ranges from 50 to 500, the intensity of viability of the steril-
ity gene ranges from 0 to 1, and the recombination fraction 
ranges from 0 to 0.5. Each process was replicated 1000 
times, and the bias and standard deviations of the 1000 rep-
licates were used to evaluate the performance of each pa-
rameter combination. The purpose of the simulation was to 
demonstrate that the method works well and the test statistic 
behaves as expected, and to investigate the range of param-
eter values in which the method works best.  
2  Results 
2.1  Results of simulation 
An example of the results obtained in an analysis of a data 
set of 300 individuals with the proposed procedure is listed 
in Table 2. The parameter estimates for the sterility genes 
located near the markers 1M6 and 2M4 were almost equal 
to their true values, and the farther the sterility loci were 
located from the markers, the greater the estimated values 
deviated from their true values. When the markers were 
located far enough from the sterility genes, the effect of 
viability tended to be 1, which implied that the markers are 
in normal Mendelian segregation. 
The estimates for the 5 parameters were used to obtain  
Table 2  Estimation of the position and effect parameters in an analysis of 300 individualsa) 
Marker combination r1 r2 u v x 
1M1-2M1 0.225 0.204 0.873 0.735 0.535 
1M2-2M2 0.227 0.180 0.791 0.599 0.359 
1M3-2M3 0.213 0.139 0.538 0.349 0.222 
1M4-2M3 0.168 0.143 0.394 0.336 0.173 
1M5-2M4 0.110 0.082 0.248 0.196 0.092 
1M6-2M4 0.037 0.085 0.110 0.195 0.057 
1M6-2M5 0.035 0.098 0.112 0.224 0.061 
1M7-2M5 0.077 0.099 0.189 0.227 0.078 
1M8-2M6 0.146 0.159 0.352 0.380 0.159 
1M9-2M7 0.186 0.192 0.512 0.527 0.284 
1M10-2M8 0.216 0.219 0.717 0.746 0.456 
True value 0.050 0.079 0.1 0.2 0.05 
a) The parameters r1 and r2 are the recombination fraction between markers and the nearby sterility genes on two different chromosomes; u, v and x are 
the differential viability of male gametes with haplotype s1S2, S1s2 and s1s2, respectively. Kosambi: r1=0.050 (5 cM); r2=0.079 (8 cM). 
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Figure 1  Likelihood ratio (LR) values for the two chromosomes in the 
hypothesis test. 
the LR test statistics (Figure 1). The maximum LR value 
was obtained at the site of 100 and 60 cM on chromosome 1 
and 2, respectively, i.e., the marker combination 1M6-2M4, 
in which the putative sterility genes are located. The cut off 
 of the multiple test was 6.25×104 (*=0.05) and 1.25 
104 (*=0.01), the degrees of freedom was 3, the P-value 
of a 2-test for the 5 estimates for the 1M6-2M4 was highly 
significant (P<1.25104). This example indicates that the 
method works well and the test statistic behaves as expected. 
The effect of the sample size of the mapping population, 
the intensity of viability, and recombination fraction on pa-
rameter estimation is shown in Figure 2, in which the bias 
and standard deviation values obtained from 1000 replicates 
are presented. The bias value decreased with the increase in 
sample size. When the sample size of the F2 population ex-
ceeded 200, the estimates of the positions and effects of the 
sterility loci were almost unbiased, and the bias value ulti-
mately was close to 0 (Figure 2(a)), and the standard devia-
tions of the parameter estimates were small (Figure 2(b)). 
When the recombination fraction r1 was less than 0.25, the 
bias of its estimate was relatively small. As the value of r1 
increased, the bias for each parameter increased, among 
which the bias of u showed the most obvious change; this 
may be attributed to the fact that u and r1 were both param-
eters of the same sterility gene s1. The bias of parameter v 
changed with r2 in a similar manner. The standard deviation 
increased with increasing recombination fraction (Figure 
2(d)), and the closer the linkage between the molecular 
marker and sterility gene, the smaller the bias and standard  
 
Figure 2  Influence of sample size, recombination fraction and viability on the estimates of parameters.  
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deviation. When the differential viability u was less than 0.3, 
the bias and standard deviation of the estimates were small 
(Figure 2(e) and (f)). The above simulations demonstrated 
that the proposed method works better with a sample size 
larger than 200, a strong intensity of viability, and small 
recombination fraction.  
2.2  Real data analysis 
A high-density restriction fragment length polymorphism 
linkage map of rice (Oryza sativa L.) covering 1521.6 cM in 
the Kosambi function was constructed previously using 186 
F2 plants from a single cross between the japonica cultivar 
Nipponbare and the indica cultivar Kasalath [21]. Accord-
ing to the results of 2 tests with the Joinmap 4.0 software, a 
subset of markers on chromosomes 1, 3, 6, 8, 9 and 10 de-
viate from Mendelian segregation ratios (P<0.05). This 
result indicates that these chromosomes may contain sterili-
ty genes or selection loci. To save on the computing time 
required to scan the whole genome, we analyzed 79 markers 
from these segregation distortion regions and located 8 ste-
rility genes on chromosomes 1, 3, 6, 8 and 10, which were 
designated as s1, s3-1, s3-2, s3-3, s6-1, s6-2, s8, and s10. Signifi-    
cant epistasis was detected among four pairs of the sterility 
genes (Figure 3). The 2 value of markers that are linked 
with the sterility genes and the position and effect of these 
sterility genes are listed in Table 3. The loci on chromosomes 
3 and 6 were linked with the markers C1186 and L688, re-
spectively. In addition, the loci s3-1, s3-2, and s3-3, and s6-1 
and s6-2, were located close to each other on chromosomes 
3 and 6, respectively (Figure 3), and might represent single 
sterility genes on chromosome 3 and chromosome 6. 
 
Figure 3  Position and epistasis of sterility genes in the linkage map derived from the F2 population of Nipponbare × Kasalath. 
Table 3  Position and effect of sterility genes detected in the F2 population of Nipponbare × Kasalath 
Interactiona) 
r1 r2 u v x P
b) 
Chr-marker 2 Chr-marker 2 
1-R2159 12.56 3-C1186 68.84 0.054 6.92×105 0.528 0.124 5.64×107 5.31×105 
3-C1186 68.84 6-L688 15.85 6.72×104 0.125 5.33×103 0.307 0.120 3.66×105 
3-C1186 68.84 10-V153 12.06 0.011 0.140 0.054 0.293 0.036 7.07×107 
6-L688 15.85 8-R2367 13.22 0.095 0.137 0.105 0.769 0.711 4.53×102 
a) 2, Chi-squared test value of marker; b) P, the P-value corresponding to the likelihood ratio value of the parameters. 
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3  Discussion  
Sterility genes have been reported in remote hybridization 
of many plant species. Genetic mapping of this kind of genes 
is very important theoretically and practically [22–24]. 
Wang et al. [25] and Yan et al. [26] found that the sterility 
loci interacted with each other and suggested that is one of 
the important causes of sterility. On the basis of former re-
search, this paper presents a statistical method that can be 
used to map sterility genes that exhibit epistasis in remote 
hybridization of plants using molecular markers in an F2 
population derived from two inbred lines.  
Data for molecular markers that show segregation distor-
tion were exploited in the present study to overcome the 
problem that the genotypes of sterility genes could not be 
observed directly. Chromosomal regions that cause distorted 
segregation ratios have been referred to as segregation dis-
tortion loci (SDL) [16]. The segregation distortion of mark-
ers is caused by numerous factors, such as environmental 
variables, non-homologous recombination, gene diversion, 
transposable elements, and transgenic silence, but markers 
for segregation distortion under these situations do not show 
a clustered distribution. Clusters of segregation distortion 
markers usually result from the selective effect of SDL. The 
different times of action of SDL can be categorized into 
pollen abortion, pollen tube competition, competitive ferti-
lization, and zygotic selection. The first three stages are 
collectively termed gametic selection. Sterility genes are 
one cause of gametic selection, and other causes cannot be 
quantified. For convenient study of the phenomenon, we 
assume that gametic selection is due to the effect of sterility 
genes. The extent of segregation distortion depends both on 
the distance between the markers and the sterility genes 
linked with them, and on the effects of the sterility genes. 
Hence segregation data for molecular markers can be used 
to estimate the locations and effects of sterility genes. Several 
methods have been developed to map SDL [15,16,27,28], 
but none of these methods take into account the existence of 
epistasis among sterility loci. The method proposed in this 
paper addresses this problem and does not require a satu-
rated molecular map for estimation of the position and ef-
fect of sterility genes, instead only screening of the marker 
genotype.  
To study epistasis among sterility genes, a single effect 
of a sterility gene can cause the death of an individual, and 
when more than two sterility genes exist in a gamete, the 
expression of one gene may influence that of other sterility 
genes, hence epistasis among sterility genes will complicate 
the segregation of molecular markers linked to sterility 
genes and that of other traits linked with them. Therefore, it 
is improper to analyze epistasis by traditional methods. In 
this paper, we consider epistasis between two sterility genes 
as a single effect, which may include many kinds of epista-
sis in the conventional definition of epistasis, such as com-
plementary effect, additive effect, and duplicate effect. This 
approach overcomes practical problems and also reduces 
the complexity of the method. In the genetic model, we 
consider the situation that two sterility genes are located on 
different linkage groups. If two sterility genes exist on the 
same linkage group, the recombination fraction (designatedas 
r) of the two markers closest to the two genes is known, 
thus the nine kinds of genotype frequency in the F2 popula-
tion are (1r)2/4, r(1r)/2, r2/4, r(1r)/2, (1r)2/2+r2/2, r(1 
r)/2, r2/4, r(1r)/2, and (1r)2/4, and can be taken to be the 
prior probability (fi). On the basis of the computation for-




i i j j
j
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
 , where pi is the unlinked situa-
tion frequency in Table 1. Our method is then utilized to 
estimate the parameters. 
Gamete selection can be caused by sterility genes ex-
pressed in female or male gametes. We hypothesize that the 
sterility genes act in the male gametes, which leads to male 
gamete selection. The proposed method can also be used in 
the situation in which segregation distortion is to the result 
of female gamete selection. For species that are difficult to 
hybridize, F2 data rather than backcross data are more fre-
quently used for mapping. Where there is definite evidence 
for the existence of male or female sterility genes, and an F2 
population can be obtained more easily than a backcross 
population, such as in soybean [29], the proposed method 
may be useful. When the sterility genes act in both female 
and male gametes, such as the mutant gene st8 in soybean 
[30], this method cannot distinguish the cause of segrega-
tion distortion and hence the effect of the sterility genes. 
Backcross populations are more suitable to discriminate 
explicitly the cause of segregation distortion. We have de-
veloped methods for the mapping of sterility genes that ex-
hibit epistasis in remote hybridization in plants using mo-
lecular markers with a backcross population and these will 
be published soon.  
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